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1.0. GENERAL 
The first half of this program has been spent in the analysis of 
requirements and the specification of performance and design form 
of individual components. The second half of the program will be 
spent in integrating these components into an efficient camera 
package. 
The program started with the assumption that most of the data 
would be recorded on a high speed, high resolution, color film 
and that IR and UV data would be recorded on the same emulsion 
by the use of filters, on different emulsions coated on the 
same film base or, as a worst case, on different films supplied 
in separate cassettes. 
During the first two months, materials were selected and the 
design of a high resolution, wide spectral range lens was carried 
nearly to completion. An investigation of requirements for arti-
ficial illumination showed the high weight requirement for arti-
ficial illumination and the extremely high brilliance range of 
the lunar landscape. The use of micro electronics to provide 
a digital record of time of exposure and duration of exposure 
was investigated. It was found that although this approach 
would give a reliable method of generating and recording this 
information, the weight and power requirements far exceed those 
of an Accutron timer and projection system. 
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At the start of the second two month period, a meeting of NASA, 
EG&G and Goerz personnel was held at the Goerz Inwood facility. 
This meeting produced the hope that the use of a wide latitude 
film in a two color separation camera would eliminate the need 
for auxiliary lighting for shadow fill-in, eliminate the need 
for exposure control and would greatly increase mission reli-
ability. The second two month period was spent in designing 
lenses with the required long back focal length to accommodate 
the beam splitters for the color separation, in the design of a 
suitable shutter, in examination of focussing and viewfinder 
requirements and in a preliminary analysis of the thermal con-
trol problem. 
The preliminary investigations are completed. In order to proceed 
with the optimization of the camera answers are needed to the ques-
tions asked in the Goerz letter of November 20, 1964. The infor-
mation needed is: the number of types of film to be used by 
spectral range, film speed, resolution, latitude, operating 
temperature and required shielding. With this information, it 
will be possible to proceed with either a conventional stereo 
camera or a more complex color separation or exposure separation 
camera. 
2.0. OPTICAL DESIGN 
2.1. REQUIREMENTS 
Exhibit "A", statement of work, defines five types of data which 
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are to be recorded by the Lunar Surface Hand-Held Camera, the 
environment and the need to optimize the data collection 
efficiency in terms of space and weight provide additional 
design considerations and restrictions. The types of data 
to be taken are: 
1. Color photographs of objects which are as small as O.lmm 
in linear dimension with sufficient resolution and image 
size to permit positive identification of the object's 
shape. 
2. Stereo color photographs to permit recording of the physi-
cal relief conditions of the surface near the LEM. 
3. Color photographs which permit recognition of surface 
features, i.e., rocks, small craters, etc., six feet in 
linear dimension at a distance of one mile. 
4. Photographs of the lunar surface near the LEM as far 
into the UV and IR portions of the spectrum as possible. 
(The film used in the camera is expected to have a 
spectral sensitivity ranging from 2000A 0 to lO,OOOA 0 .) 
5. Photographs of various celestial bodies,including the 
earth, in the UV visible (color) and IR portions of the 
spectrum with an angular resolution of one second of arc. 
2.1.1 COLOR PHOTOGRAPHY OF SMALL OBJECTS 
To positively identify the shape of objects as small as O.lmm 
in linear dimension will require an object space resolution of 
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approximately 50 lines per millimeter. This means that the product 
of the contrast modulation of the object, the spatial frequency 
response of the lens, and the transfer function of film at the 
required image space frequency must combine to give a detectable 
modulation or contrast on the processed film. If the object 
space is reimaged at one to one by the camera, the required 
image space frequency will be 50 lines per millimeter. With a 
three inch focal length camera lens, unity magnification could 
be achieved by moving the lens three inches forward from its 
infinity position. This solution must be rejected from considera-
tion because of the complication to the camera focussing mechan-
ism, and because of the loss of resolution to be expected when 
a high resolution lens corrected to work at one infinite con-
jugate is used with equal conjugates. 
The use of a lens identical to the camera lens, but turned end 
for end, has optical and mechanical advantages. This configura-
tion uses the lenses at their design conjugates. The use of 
two lenses back to back causes cancellation of some residual 
field aberrations such as coma, and addition of others such as 
field curvature and astigmatism. The principle advantage is 
that the conjugates are infinite at the interface so that center-
ing, spacing, and alignment of the auxiliary lens to the camera 
lens is not critical. 
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If the lenses with an ultimate resolution of 180 to 200 lines 
per millimeter are used, it is reasonable to expect that the 
modulation transfer function of each lens will be on the order 
of .70 at 50 lines per mm. The transfer function of the pair 
would then be approximately .50. If the film has a transfer 
function of .50 at 50 lines per mm, the processed negative 
will have a usable modulation of .25. This does not appear 
to be a stringent requirement for the film. 
Although the statement of work does not require stereo record-
ing of extremely small objects, methods of stereo recording 
have been investigated. The stereo disecting microscope uses 
objectives whose axes are inclined with respect to each other 
and parallel eyepiece axes, as shown in Figure 1. The extremely 
low numerical apertures and resolution allow the eye to accommo-
date for the out-of-focus condition caused by the tilted objec-
tive field. Such a system would give the required photographic 
resolution only along a narrow line at the center of the frame. 
A much more complex optical method of producing stereo pairs 
of small objects is shown in Figure 2. The objectives produce 
unity magnification images of the object plane on a plane 
parallel to the final film plane. The field lenses are used 
to reimage the aperture stops of the objectives at the entrance 
pupils of the camera lenses. The collimating lenses reimage 
the images formed by the objectives at infinity. The normal 
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camera lenses finally produce images at the camera focal plane. 
The collimating lenses would be of the Petzval form, rather 
than the Cooke triplet shown, with their entrance pupils located 
at the entrance pupil of the camera lens. These lenses would be 
required to work at larger field angles and numerical apertures 
than the camera lenses, but since performance is only required 
in the visible, adequate transfer response could be obtained. 
Since a locating fixture will be required to support the camera 
at the proper distance to give sharp focus, the simplest and 
lightest method of obtaining stereo pictures would be to provide 
only one close focus lens and to move the camera between expo-
sures as shown in Figure 3. 
The basic question to be answered is the purpose of stereo at 
this magnification. The distance to the object will be known. 
The depth of field will be on the order of a few thousandths 
of an inch. Unless directed by NASA to proceed with one of 
the outlined approaches, the close focus lens will be designed 
to give high resolution close-up information without stereo. 
2.1.2 STEREO COLOR PHOTOGRAPHS OF NEAR OBJECTS 
Stereo color of objects near the LEM requires a double camera 
capable of being focussed to some "near" distance. This near 
distance can be determined if it is assumed that the camera 
should be capable of recording detail in range of sizes above 
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those covered by the close focus attachment. Shape of objects 
up to one inch square are covered by the close focus attachment. 
If the minimum focal distance is set at ten feet, the magnifica-
tion will be approximately 1/40. With an image space resolution 
of 50 lines per mm, the object space resolution will be slightly 
better than one millimeter. The depth of field for diffraction 
limited performance will be approximately four inches, but one 
millimeter object space resolution will be achieved over a 
range of one foot so that the camera may be hand-held for 
distances of ten feet and greater. At this distance, the object 
field will be forty inches square. The parallax between the 
viewfinder and the camera lenses is approximately two inches 
so that parallax correction will not be necessary. If the 
minimum focal distance were decreased to five feet, the re-
quired lens travel for focussing would be increased from 0.077 
to 0.158 inches, the object field would be decreased to a 
twenty inch square, and the depth of field would be decreased 
to approximately 3/4 inch for diffraction limited resolution 
or three inches for 50 line per mm resolution. To maintain 
this object distance between measuring and exposing would re-
quire a fixed camera support. 
With an object distance of 6000 feet, and a camera lens of 
three inch focal length, the magnificating will be 1/24000. 
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An object six feet in linear dimension will have an image 
.003 inches or .076mm long. If the sensitized material is 
only capable of recording spatial frequencies of 50 lines 
per mm, slightly less than four resolution elements will be 
available for recognition. If the lens film resolution 
approaches 200 lines per millimeter, 15 resolution elements 
will be available, so that surfact features could easily be 
recognized as such at this distance. If the film to be used 
has a resolution capability of less than 50 lines per milli-
meter and recognition of objects of this size and distance 
is required, consideration should be given either to in-
creasing the basic camera focal length or the use of the 
telescope attachment discussed in Section 2.1.5 below. The 
penalty for increasing the focal length is a corresponding 
decrease in angular field of view. 
2.1.3 PHOTOGRAPHS OF THE LUNAR SURFACE IN THE UV AND IR 
The statement of work states that the expected spectral 
sensitivity will range from 2000 to lO,OOOA 0 • A systematic 
search for suitable optical materials, by Goerz, disclosed 
that, while the infrared limit presented no insurmountable 
problem, at the lower limit of the ultraviolet the loss of 
transparency and the rapid change of index of refraction 
made the design of a wide field, large aperture, high resolu-
tion lens impossible. In a meeting with NASA and EG&G personnel, 
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it was learned that the opacity of gelatin below 2400A 0 made 
the production of an emulsion sensitive below this limit 
impractical and that the upper wave length range would 
probably be limited to around 9000A 0 • The design of lenses 
to cover the spectral range from 2400 to lO,OOOA 0 is essen-
tially complete. 
2.1.4 PHOTOGRAPHS OF CELESTIAL OBJECTS 
The requirement to provide an angular resolution of one 
second of arc is an order of magnitude different from the 
above requirements. The least angular resolution in radians 
of a diffraction limited system is equal to the wave length 
divided by the diameter of the aperture, 1 second of arc = 
1 radians = A 
206,625 second ~ 
d = 206,625~ = 206,§25 x lO,OOOA0 x lo-10meter x 40 in. = 8.25 in/sec. 
1 second A0 
A reasonable aperture for a system which resolves one second of 
arc in the near infrared is nine inches diameter. If this re-
quirement were changed to read one second of arc in the middle 
of the visible, and two seconds of arc at lO,OOOA0 , the aperture 
could be reduced to 4.5 inches diameter. Even this diameter is 
hopelessly large for a hand-held stereo camera - a telescope 
attachment is required. To record this resolution on film will 
require an effective focal length of one meter at 200 lines per 
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millimeter, 2 meters at 100 lines per millimeter and 4 meters 
at 50 lines millimeter. At the time of the proposal, it was 
assumed that the optical system would limit the resolution to 
100 lines per millimeter and that a Newtonian telescope attach-
ment of 2 meters focal length with a collapsable tube would meet 
this requirement, with the close focus attachment being used to 
transfer the image formed by the paraboloid to the film. The 
telescope design must be optimized in terms of the mission re-
quirements and the available sensitive material. 
2.1.5 SUMMARY OF DESIGN REQUIREMENTS 
The mission requirements as discussed above may be met with a 
stereo camera consisting of two identical cameras built in one 
case. The cameras must have matched lenses with three inch 
focal length and a one inch square format. An attachment to 
allow unity magnification is required to give shape recogni-
tion of .lmm objects and a telescope attachment is required to 
give one second resolution of astronomical objects. The infor-
mation collection efficiency of the camera system will be pro-
portional to the square of the resolution of detail on the film. 
The resolution of the lenses should be as high as practicable 
so as to take full advantage of the highest resolution emul-
sions available at the time of the Apollo missions. At the 
onset of the program, it was assumed that back focal length of 
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the lens was not a critical factor. The possibility of use 
of either color or exposure separation techniques made the 
availability of a lens meeting the above requirements, but 
with an abnormally long back focus desirable. 
2.2.0 MATERIALS 
The first selection of materials was based on transparency 
over the required spectral range. A second selection was 
based on availability of materials suitable for the manufac-
ture of high quality lenses. Finally, a rational set of 
indices and partial dispersions was computed and a final 
selection made on the basis of optical properties. 
The American Institute of Physics Handbook lists twelve mater-
ials with reasonable transparency over the range of 2DOOA 0 to 
1D,DOOA 0 • These materials are: 
Fused Silica 
Calcium Fluoride 
Sodium Fluoride 
Lithium Fluoride 
Magnesium Fluoride 
Barium Fluoride 
Sodium Chloride 
Potassium Bromide 
Cesium Iodide 
ADP 
KRS-6 
Saphira 
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ADP, KRS-6, Magnesium Fluoride and Cesium Iodide were rejected 
because of nonavailability of suitable quality material, with-
out investigation of their optical properties. Potassium 
Bromide was rejected because of its high solubility in water. 
The indices of refraction are given at different wave lengths 
for different materials. In order to make a systematic selec-
tion of materials based on optical properties, the index of 
refraction of each of the remaining materials was calculated 
by the three constant formula n = N + C/).. - /\.. , for five 
widely separated wave lengths. Having calculated the indices, 
relative dispersion values were calculated for upper and lower 
portions of the spectral range. The results of these calcula-
tions are tabulated in Table I and plotted as Figure 4. 
OPTICAL PROPERTIES OF MATERIALS 
Material Visual Centered Ultraviolet 
4046.6 - 10140.4 2445.3 - 4046.6 
n v n v 
Fused silica 1.45638 23.522 1.49032 11.878 
Sodium chloride 1.54065 15.626 1.61314 6.272 
Sodium fluoride 1.32438 31.011 1.34414 14.197 
Calcium fluoride 1.43250 34.163 1.45570 16.234 
Lithium fluoride 1.39080 34.012 1.40967 18.672 
Barium fluoride 1.4728 29"74 1.50338 17.180 
Sapphire 1. 76494 25.245 1.81838 13.242 
TABLE I 
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In designing a color corrected lens with a given power, the 
use of materials with widely separated relative dispersions 
will result in flatter curves and lower values of higher 
order aberrations. Figure 4 whows that the widest possible 
separation would employ NaCl as the "flint" and CaF as the 
"crown" for the visual centered range, and NaCl and LiF for the 
UV centered range. NaCl is undesirable because of its high 
solubility in water which would make it difficult to work and 
test. Fused quartz is the logical first choice for a flint 
material because of its availability and excellent mechanical 
properties. Calcium fluoride was chosen as the first choice 
for the crown material in that it falls near the upper limit 
of V values and is more readily available in optical quality 
than Lithium Fluoride. Although Saphire has excellent 
mechanical properties, its V value falls in the center of the 
range of materials and is thus less suitable for achromatic 
lenses than fused silica. The choice of Fused Silica and 
Calcium Fluoride was confirmed by designing a lens with this 
combination and then checking for possible improvement by 
optimizing this lens with Lithium Fluoride and Barium Fluoride 
substituted for Calcium Fluoride and with Sodium Chloride re-
placing the Fused Silica and the Fused Silica substituted for 
the Calcium Fluoride. The original combination gave slightly 
better overall performance. 
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n - 1 c 
2.3.0 OPTICAL DESIGN 
The starting point of the design is the well-known air-spaced 
triplet shown in Figure 5. In the systematic design of a lens, 
the chromatic aberrations are corrected first because their 
values are determined by the power and spacing of the individual 
lens elements while the field aberrations and spherical aberra-
tion are controlled by the shape of the lens elements and the 
stop position. 
Assuming the lenses to be negligible thickness, the chromatic 
aberrations will be corrected when the following equations are 
satisfied. 
where h. is the ordinate of the marginal ray and ko is the 
l l 
ordinate of the principle ray, cfi is the power of the lens 
and -Y. is the relative dispersion Abbe I element or number of 
l 
the material of which the lens is made, defined by the follow-
ing equation: 
where n is the index of refraction at the center of the spectral 
c 
range and n2 and n1 are the indices at the ends of the spectral 
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range. Equation (1) governs the longitudinal chromatic aberra-
tion and equation (2) the lateral chromatic aberration. The 
wide difference in 7./ values for the upper and lower portions 
of the spectral range shows that a lens corrected for one por-
tion of the spectral range will be far from correct in the 
other portion. To solve this problem, interchangeable corrector 
lens are added near the first and third elements. By making the 
corrector lens near zero power, the axial spacing and centering 
becomes less critical than would be the case if elements of sub-
stantial power were used. 
The thin lens design to test achromatism for this form over the 
extended visual range is described as follows: 
Elemedt Radii Material 
I rl = 0 .. 29611 
Calcium Fluoride 
r2 = c:::>c::::l 
r3 = 
F-13 
lst Corrector r 4 = +1.95969 
sk-16 
r5 = C>O 
Air Space = 0,.16870 
r6 = -Oo37105 
II Fused Silica 
r7 = +0 .. 37105 
Air Space = 0.1804 
r8 = e><:l 
sk-16 
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Element Radii Material 
r 9 = 1.99340 
2nd Corrector F-13 
III Calcium Fluoride 
The back focal length of this lens was calculated as a function 
of wave length and found to be practically constant as shown in 
Table II. 
BACK FOCAL LENGTH vs. WAVE LENGTH 
Wave Length 
4046r6 
6563 •. 0 
10140,0 
TABLE II 
Back Focal Length 
0.853645 
0 .. 853643 
0.853645 
The corrector lenses for the UV portion of the spectral range 
were calculated to be: 
lst Corrector Calcium Fluoride 
r4 = -0.39339 
Fused Silica 
r5 = -5 57138 
r8 = +5.10960 
2nd Corrector Fused Silica 
r9 = -0~36078 
Calcium Fluoride 
rlo= 
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Computing the back focal length as a function of wave length gave 
values which were not quite as good as those in the visual, but 
which were still quite acceptable. Computed values are shown 
in Table III. The difference in back focal length between the 
visual and UV will be corrected later by adjusting powers or 
thicknesses of correctors. 
BACK FOCAL LENGTH vs. WAVE LENGTH 
Wave Length 
2445.3 
Back Focal Length 
0.816609 
2915.6 0.816654 
4046.6 0.816609 
TABLE III 
Thicknesses were then assigned to the lens elements and an 
attempt made to reduce and balance aberrations by third order 
theory. It was found to be impossible to correct the field 
aberration over the complete spectral range when different 
materials were used for the visual and UV correctors. New 
correctors were designed for the visual using fused quartz 
and calcium fluoride. Sphero-chromatism now proved to be a 
problem, that is~ the correction for spherical aberration was 
sensitive to wave length. It could be removed at any one wave 
length, but became progressively more pronounced at wave lengths 
distant from the one corrected. At this point, the same basic 
lens was tried with each of the following pairs of materials: 
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Fused Silica 
Fused Silica 
- Lithium Fluoride 
- Barium Fluoride 
Sodium Chloride - Fused Silica 
In each case the results were inferior to the original combination. 
The first positive element was then split into two lenses and a 
field flattening element was added. Redistribution of powers in 
the original combination were then made and exact residuals com-
puted by ray tracing. By careful optimization of this lens form the 
following predicted performance was obtained: 
LENS CHARACTERISTICS 
Visual uv 
Axial Resolution 
Off Axis Resolution 
250 lines/mm 
175 lines/mm 
200 lines/mm) 
175 lines/mm) 
Monochromatically 
Axial Resolution 
Off Axis Resolution 
180 lines/mm 
160 lines/mm 
180 lines/mm) 
160 lines/mm) 
Full Spectral Range 
Effective Focal Length 75mm 75mm 
Focal Ratio f/5.6 f/5.6 
Half-Field Angle 12° 12° 
Spectral Range 4040-lO,OOOA 0 2400-4040A 0 
TABLE IV 
A reduction in the UV range of 2400 to 3600A0 , as suggested in the 
November liaison meeting? may lead to some improvement of per-
formance in the UV. The final optimization of the lens should 
await receipt of actual materials with known refractive indices. 
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The above calculations were based on calculated values of index. 
Optical materials always vary slightly from piece to piece in 
optical properties. This lens is shown schematically in 
Figure 6. 
The November 30; 1964 liaison meeting pointed up the desirability 
of a color separation process in that emulsions of very wide 
latitude could be used. Three color separation techniques 
have always employed relatively slow lenses in order to allow 
the use of beam splitters of moderate size. It was decided to 
try a two color separation system with Goerz designing a new lens 
system with a larger back focal length 7 and EG&G experimenting 
with color separation filters. Such a lens was derived from the 
lens described above by the addition of an afocal system consist-
ing of a negative doublet and a positive singlet, as shown in 
Figure 7, and by the adjustment of parameters of the original 
lens. 
Either of these lens designs will give superior performance 
over the complete spectral range. The simpler lens gives 
slightly higher resolution and will naturally give higher 
contrast rendition and produce less objectionable stray light 
when imaging scenes of high brilliance range. 
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3.0 FORMAT AND FIELD ANGLE 
In selecting the format and field of view of the lunar camera, 
consideration should be given to maximizing the amount of total 
useful information which may be recorded with a given weight and 
volume of camera and camera equipment. The amount of informa-
tion recorded per exposure will be the product of the number of 
information elements per unit area and the area of the film 
format or to the squares of the product of linear resolution and 
the diagonal of the format. Thus, for a given linear resolution, 
the information content per frame will increase as the square of 
the diagonal. To a first approximation, holding the angular 
field of view constant, the volume and weight of a camera will 
increase as the cube of the diagonal. This reasoning leads to 
the ridiculous solution that the optimum camera size is zero. A 
second approximation would break down the camera into elements 
and assign scaling factors to each type of elements. 
The lens and lens mounts would scale as the cube of the diagonal 
if the linear resolution were scaled also. Holding the resolution 
constant would require a more complicated lens. A scaling expo-
nent of four will be applied to the lens and lens mounting. 
The area to be shuttered increases as the square of the format 
diagonal. But if the shutter speed is held constant, the accelera-
tion of the shuttering elements must increase as the square. The 
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driving force for the shutter therefore increases as the fourth 
power of the diagonal. A scaling exponent of three for both 
weight and volume appears reasonable if one compares the Leica 
shutters with that of the Speed Graphic. 
The exposure meter, auxiliary lighting, time recording device, 
handles and some controls will be independent of format in both 
size and weight. 
The viewfinder, is of the reflex type, and the range finder, if 
required, will scale approximately as the cube in both size and 
weight. 
If the case were only a light baffle and structural element, it 
would scale with an exponent in excess of three if resonant 
frequencies were maintained. However, it is assumed that case 
weight will be determined by shielding requirements and thus 
vary as the area or the second power of the diagonal. 
Assuming constant film base thickness~ the weight of the film 
will scale as the square. The requirement to hold a larger 
film flat in the focal plane will require the weight and volume 
of the cassette and transport to increase as slightly more than 
the square. 
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The weight and volume may be expressed algebraically as: 
w = A + Bd + cd 2 + Dd3 + Ed 4 
v = F + Gd + Hd2 + Jd3 + Kd 4 
A = weight of exposure meter, auxiliary lighting, 
time recording device, handles, some controls. 
B = 0 
c = weight of case and film and cassette. 
D = weight of shutter, viewfinder and range finder. 
E = weight of lens and lens mounting* 
F = volume of exposure meter, auxiliary lighting, 
time recording device, handles, some controlsa 
G = 0 
H = film and cassette volume. 
J = volume of shutter, viewfinder and case. 
K = volume of lenses and lens mounts. 
Although a meaningful analysis must await basic design decisions 
such as method of color recording 1 a qualitative picture of the 
trade-off of information content per unit volume and weight ver-
sus format size may be obtained by estimating values for a three 
inch focal length and one inch square format. A first estimate 
of these values is: 
Weight Volume 
A = 2 lbs. F = 200 
c = 1.75 H = 40 
D = 1.75 J = 180 
E = 1~5 K = 10 
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These values have been used in the above power series to determine 
values of recording area per unit weight and per unit volume 9 
These values are tabulated in Tables V and VI and are plotted as 
Figure B. 
Examination of Tables V and VI shows that although lens volume is 
not a critical factor, the lens weight increased from approxi-
mately 20% of the total weight for a one inch square format to 50% 
for a 2 inch square format" The reason for this may not be obvious. 
If a given lens has a certain blur circle of radius r at a given 
focal length f, then a doubling of each dimension of the lens will 
produce a lens of focal length 2f and a blur circle of radius 2r. 
The field coverage will increase from a square format of area s2 
2 to 45 o Thus, a direct scaling of the lens to twice the focal 
length will increase the weight and volume by a factor of eight, 
but the number of resolved information elements will remain con-
stant. Thus, if any gain is to be made in the amount of informa-
tion to be recorded" the angular resolution of the lens must be 
improved as the focal length of the lens is increased. Although 
there is no theorem that relates resolution to lens complexity, it 
was assumed for this analysis that if the angular resolution were 
to be doubled, and hence the information resolution increased by 
a factor of four, that the lens would have to be doubled in com-
plexity or number of elements. 
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RECORDING AREA PER UNIT WEIGHT AS A FUNCTION OF FRAME SIZE 
5 52 53 54 A 2 cs DS3 ES4 w 52/W 
,1 .01 .DOl cDDDl 2 .018 .002 .00015 2.02 .005 
.2 .04 oDDS .0016 2 .070 .014 .0024 2.09 .019 
"3 .09 (1027 ,.0081 2 .158 .047 .012 2.22 .040 
.4 ,.16 .064 .026 2 c280 .112 .039 2.43 .066 
"5 .25 .125 .063 2 .437 .218 .. 095 2,,75 .091 
.6 .36 .216 .130 2 .630 .378 .195 3.20 .112 
.7 .. 49 .343 .240 2 .856 .600 .320 3.78 .129 
.s .. 64 .512 .. 410 2 1.12 .895 .615 4.64 .. 138 
.9 .81 .729 .656 2 1.42 1.27 .985 5.68 .143 
1.0 LD 1.0 1.0 2 1.75 1,,75 1.5 7.0 .143 
1.1 1.21 1.331 1.46 2 2.12 2.33 2.19 8.64 .140 
1.2 1.44 1.728 2o07 2 2.52 3 .. 02 3.11 10.65 .135 
1.3 1.69 2.197 2.85 2 2.96 3.84 4.27 13.07 .130 
1.4 1.96 2.744 3o84 2 3c,42 4.80 5.76 15 .. 98 .123 
1.5 2.25 3.375 5.06 2 3.94 5.90 7.58 19.42 .116 
1 .. 6 2.56 4o096 6o55 2 4.47 7.16 9.82 23.45 .,109 
1.7 2.89 4 .. 913 8.35 2 5.05 8.60 12.5 28.15 .103 
L,8 3.24 5r832 10 ... 5 2 5.66 10.2 15c3 33.16 .978 
1.9 3.61 6.859 13,0 2 6.32 12.0 19.5 39,.,82 .906 
2.0 4.,00 8 .. 00 16\.o 2 7.00 14,.0 24o0 47.0 .852 
TABLE V 
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RECORDING AREA PER UNIT VOLUME AS A FUNCTION OF FRAME SIZE 
s F HS2 JS3 KS4 v s2;v 
.1 200 .40 .180 .DOl 201 .DDS 
.2 200 1.60 1.44 .016 203 .. 020 
.3 200 3.60 4o86 .081 209 .043 
.. 4 200 6.40 11.5 .. 260 218 .073 
.5 200 10"0 22.5 .. 630 233 ~107 
.6 200 14or4 38.9 1.30 255 .141 
.7 200 19.6 61.7 2.40 284 .. 173 
.8 200 25.6 92.0 4.10 322 cl99 
,.9 
1.0 
200 
200 
32 .. 4 
40 
13LD 
180 
6.56 
10 
370 
430 
.219 
.233 
1.1 200 48.4 240 14.6 503 .240 
1.2 200 57.6 311 20.7 589 .245 
L-3 
1.4 
200 
200 
67.6 
78.5 
395 
495 
28 .. 5 
38.4 
691 
812 
.244 
.242 
1.5 200 90 607 50.6 948 .237 
1.6 200 102 737 65.,.5 1105 .232 
1.7 200 116 885 83('5 1285 .225 
L8 
1.9 
200 
200 
130 
144 
1050 
1235 
105 
130 
1485 
1709 
.218 
.212 
2o0 200 160 1440 160 1960 .204 
TABLE VI 
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RECORDING AREA EFFICIENCY 
AS A FUNCTION OF FRAME SIZE 
FIGURE 8 
Since the amount of information recorded is proportional to the 
square of the linear resolution, it is important that the high-
est possible system resolution is achieved. The lenses designed 
for this camera achieve the diffraction limit on axis and 90% 
of the diffraction limit at lOmm off axis. Expressed in linear 
terms, the resolutions are 200 lines per mm on axis and 180 lines 
per mm off axis. Fine grain black and white emulsions are capable 
of utilizing this resolutionc If low resolution emulsions are to 
be used, a gain in number of resolution elements per frame may be 
achieved by a direct scaling of this lens to a longer focal length. 
The data of Table V is recalculated with a scaling exponent of 
three for the lens and presented as Table VII and Figure 9. The 
tabulation shows that an increase in recording area by a factor 
of four will require an increase ~n weight by a factor of fivee 
The 35 pound weight for a lunar stereo camera appears reasonable 
when it is compared with 14 pounds for the 70mm single lens combat 
camera designed to work over a limited spectral range. 
The field of view problem is independent of the format problem. 
With a given frame size, the field of view is determined by the 
focal length of the objective. In the design of a photographic 
objective, field of viewt speed, resolution and practicability 
of construction are competitive requirements. The reason for 
this may be seen by looking at the effect of aperture and image 
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RECORDING AREA PER UNIT WEIGHT AS A FUNCTION OF FRAME SIZE 
WITH CONSISTANT RESOLUTION 
s A cs2 (D+E)S3 w s2;w 
.1 2 .. 018 .003 2 .. 02 .005 
.2 2 .. 070 .026 2 .. 10 .019 
.3 2 .. 158 .088 2.25 .. 040 
,4 2 c-280 .208 2c49 .. 064 
.. 5 2 0437 .406 2.84 .. 088 
c6 2 ('630 ,.702 3,.33 ,.108 
.7 2 .. 856 1.11 3.97 .. 123 
"8 2 1.12 1,.66 4~78 .134 
.9 2 1 ,o42 2.36 5.78 .140 
1.0 2 1.75 3.25 7.0 .. 143 
1.1 2 2.12 4.33 8 .. 45 .143 
lo2 2 2c52 5 .. 61 10.13 .142 
1.3 2 2.96 7,14 12.1 .140 
1.4 2 3.42 8,92 14.3 .137 
1.5 2 3.94 11 .. 0 16.9 .133 
L6 2 4.47 13.,3 19.8 .129 
1.7 2 5.05 16.0 23.0 .. 126 
loB 2 5 .. 66 18.9 26.6 .122 
1.9 2 6.32 22.3 30.6 .118 
2.0 2 7.00 26.0 35.0 .114 
TABLE VII 
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height on the 3d order monochromatic aberration as shown in 
Table VIII .. 
Monochromatic 3d Order Aberrations 
Aberration Variation w/Aperture Variation w/Image Height 
Spectral Aberration As the Square Independent 
Coma As the Square Linear 
Astigmatic Difference Independent As the Square 
of Focus 
Astigmatic Focal Line Linear As the Square 
Length 
Petzval Curvature Independent As the Square 
Distortion Independent As the Square 
TABLE VIII 
It would appear from this table that if a given lens design were 
required to cover a field twice as large~ that the resolution 
would be reduced by a factor of four or that to cover the increased 
field of view with the same resolution, that the complexity of the 
design would have to be increased by a factor of four. Within 
limits this prediction is substantiated by experience. The Leitz 
Elmar which is manufactured as an f/3o5 lens at 50 mm focal length 
is of the tessar form, that is three individual elements with the 
last element a achromatic doublet. This lens becomes diffraction 
limited when stopped down two stops to f/6.3c To produce a lens 
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of 28mm focal length, the front two elements were separately 
achromatized increasing the number of pieces of glass from four 
to six and the relative aperture was reduced from f/3.5 to f/6.3. 
The lenses which Goerz has designed for the lunar camera cover 
an angular field of approximately 25°. Goerz commercial lenses 
cover a half angle of 25° to 60°. The "standard" camera lens 
covers a field angle of 48 to 50 degrees. The difference is 
that standard lenses are transparent only above 4DOOA 0 and are 
corrected only for a narrow region in the visible portion of 
the spectrum. In the design of such lenses, the designer may 
choose from over 200 types of optical glass. In the design of 
ultraviolet lenses~ the designer is restricted to a half dozen 
materials, some of which such as rock salt are extremely water 
soluble~ others such as crystal quartz are highly bi-refringent. 
With the small number of usable materials, it is probably imposs-
ible to design a wide spectral range camera objective that will 
cover a fifty degree field angle and give high resolution. 
The all mirror telescopes cover the spectral range, but only 
over narrow field angles. A Schmidt system might be designed 
to cover the wide field and spectral range, but only with a 
curved focal surface in an inaccessable locationo The various 
two mirror combinations with corrector plates are capable of 
38 
covering no wider field angle than the lenses designed for the 
lunar camera8 
Optical design is still more of an art than a science. It is 
impossible to write meaningful trade-off equations which show 
explicitly the trade-off of field angle versus resolution or 
other variables as a continuous function. The design procedure 
is to choose a design form, add achromatizing elements to control 
the chromatic aberrations and chromatic variation of the 3d order 
aberrations, bend the individual elements to balance the 3d order 
aberrations over a selected field angle and spectral range, and 
then to ray trace and determine the performance of the lens. If 
the performance is extremely good over the selected field angley 
the possibility exists of finding a solution with a slightly 
larger field angle with only moderately reduced performance. 
Substantial increase in field angle require a fresh approach 
with a basically different design form. 
Stereo measurements require a measurable displacement of the two 
images of a given object. With a given stereo base, object dis-
tance and resolution, the displacement of images will be directly 
proportional to the focal length of the lenses. A decrease in 
focal length by a factor of two would decrease the distance at 
which stereo data could be obtained by a factor of B. 
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From the above considerations; it appears that optimum information 
recording over the specified spectral range will be obtained with 
high resolution sensitized material with a format approximately 
one inch square and with a field angle approximately 25°. 
4.0 FOCUS CONSIDERATIONS - RANGE FINDER REQUIREMENTS 
The depth of field has been calculated for a diffraction limited 
f/5n6, 3 inch focal length objective for a range of focal setting 
from 3 feet to infinity. As expected, the range of distances 
over which diffraction limited resolution will be achieved were 
found to be extremely shallow. At all ranges up to BOO feet it 
will be necessary to provide the astronaut with a method of mea-
suring the distance to the object of interest. The sensitivity 
of a unit power range finder with a stereo base of 6 inches has 
been tabulated and found to be well within the calculated depth 
of field. The use of a telescopic range finder would allow a 
reduction in stereo base but would either reduce the field of 
view or increase the weight of the range findero If less than 
diffraction limited performance is acceptable, the depth of 
field may be scaledj approximately as the diameter of the circle 
of confusionn The viewfinder, as described in Section 5~0, may 
be used to obtain sufficiently sharp focus to record 15 lines 
per millimeter on the film, and by the addition of a magnifier 
a resolution level of 50 lines per millimeter may be reached~ 
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4cl DEPTH OF FIELD 
The focal range, the range from the nearest to the farthest 
position which causes path differences not exceeding the 
1 Rayleigh Limit, is given by Conrady as: Focal Range = 1 wave 
length/N' Sin2 Urn'. In which N' is the refractive index of 
the medium in which the image is formed, and Urn' is the angle 
under which the extreme marginal ray arrives at the focus. 
For an f/5.6 system tan Urn' = 2 
Sin 2 Urn' = 8n06 X 103 .ll = 20 X 
x
1S.6 = .0901 Sin Urn' = .0898. 
-6 10 inches, in the middle of 
the visible range. The focal range is thus equal to 2r.48 x 
10-3 inches. 
The focal range may be translated into depth of field by use of 
the thin lens formula. 
1 1 1 -=-+-/' f L 
,[ = ff/f +L 
d/.'= f
2 
(f +7) 2 d/ 
2 
dl= ( f + .-!) d ;:t = depth of field ' f 2 /:. 
Letting 2.48 x 103 = d} 1 and f = 3.00 inches. 
Depth of Field = 2.78 (3 + 1) 2 x 104 inches~ 
Depth of Field over the range from 3 to BOO feet is given in 
the following table: 
1Applied Optics and Optical Design~ A. Eq Conrady, page 136. 
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Depth of Field 
Object 
Feet 
Distance 
Inches 
Depth 
Feet 
of Field 
Inches 
3 36 ,42 
4 48 o72 
5 60 1 .. 10 
6 72 1.44 
8 96 2.72 
10 120 4.22 
20 240 16 .. 4 
30 360 3.03 36.4 
40 480 5c-41 65.6 
50 600 8.42 101 
60 720 12.1 145 
'7n ,u 840 16.5 198 
80 960 21.5 258 
90 1080 26.4 326 
100 1200 33.7 404 
200 2400 134 1610 
400 4800 540 6480 
BOD 9600 2140 25700 
TABLE IX 
This tabulation shows the rapid increase in depth of field 
with distance and shows the impossibility of an astronaut 
estimating the distances with sufficient accuracy in a 
strange environment. The tabulation is not exact in that a 
finite increment was used rather than an infinitesimal and it 
fails to show the distribution of field of sharp focus with 
respect to the focal setting. 
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The thin lens equation may be used directly for calculating the 
image distance for each object distance and then calculating new 
object distances for image distances plus and minus .DOl inches 
from the central image distance. The remaining .0005 inches of 
tolerance is reserved for film flatness and focus mechanism 
tolerance. The depth of field calculated in this manner is given 
in Table X .. 
FOCAL RANGE 
Focus Setting Image Near Object Distance Far Object Distance Range 
Feet Inches Distance Feet Inches Feet Inches Feet 
3 36 3.2727 2.99 35.88 3 .. 01 36,-12 .02 
4 48 3.200 3.98 47.78 4 .. 02 48.23 .04 
5 60 3.1580 4 .. 96 59.60 5.03 60.32 .07 
6 72 3 .. 1305 5.95 71 .. 44 6.04 72.50 .09 
8 96 3.0967 7 .. 92 95.12 8.09 97.04 .17 
10 120 3.0769 9.88 118 .. 5 10,.3 123.1 .. 38 
20 240 3.0380 19.5 233,.8 20.5 246.2 1.04 
30 360 3.0251 29 .. 0 347.8 3L4 376.4 2.,37 
40 480 3 .. 0188 38.1 457 .. 5 42.4 508.7 4Q27 
50 600 3.0150 47.1 565.6 53.8 646.0 6,.70 
60 720 3.0125 55.8 669.8 65.5 785.6 9.64 
70 840 3.0108 63.8 765~9 76.,7 920.8 12,9 
80 960 3,.0094 72.3 868.1 89.,5 1074 17.2 
90 1080 3.,0084 80.0 960.6 101 .. 6 1220. 21.6 
100 1200 3.,0075 88.5 1062 116 1387 27cl 
200 2400 3.0037 160 1916 278 3333 118 
400 4800 3 .. 0018 268 3215 936 112 .. 360 668 
D<= 'C.,;-" .. --<~ BOD 9600 3 .. 0009 395 4739 C><CJ 
TABLE X 
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4~2 RANGE FINDER DESIGN 
Distances are measured by three basic methods: (1) direct 
comparison of the unknown distance to a standard~ tapes, 
chains, micrometers; (2) Time of flight measurements~ Radar, 
Geodimeter 1 Tellurometer; and (3) Triangulation, stadia or 
telemeter, range finder. The first method being the most 
basic is usually the most accurate~ but is only convenient 
for relatively short distances. The second method is ruled 
out by the complexity and weight of the required equipment* 
Of the many methods of triangulation possible, only the 
stereo range finder is considered practical for use with the 
lunar camera~ Stereo range finders are of two types: split 
field and superimposed field~ The split field has been 
tentatively chosen for the lunar camera because it has 
higher brilliance and requires approximately one-half the 
weight and space. The basic configuration for either type 
is illustrated by: 
d = b Tan a 
Where d is the object distance, b the stereo base and a the 
angle between the two lines of sight* 
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The sensitivity of the range finder is proportional to the stereo 
base b, and the sensitivity to the eye to small changes in the 
angle a. To minimize space and weight~ b should be minimized. 
To make the instrument easy to use, the required sensitivity to 
changes in angle a should be well within human capabilities~ The 
normal human eye is capable of resolving one minute of arc. Two 
half lines can be made coincident to within about one tenth of 
this amount or about 6 seconds of arc. Assuming a coincidence 
setting accuracy of !1 arc minute and a stereo base of 6 inches, 
the rangefinder error was calculated and tabulated with the 
focal range from Table X as Table XI. 
This tabulation shows that at all ranges the unit power range-
finder with 6 inch stereo base will allow settings which are 
within one-half of the depth of field of the photographic 
objective. At ranges of less than 10 feet it is probable that 
the astronaut will have moved the camera more than the focal 
range between focussing and making the exposure. Table X shows 
that nearly three fourths of the required change of lens to 
focal plane distance occurs in the object distance range of 
3 to 10 feet. Considerable simplification in the camera 
design would result if the focussing range were restricted 
to the range of 10 feet to infinity~ 
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Range Finder Accuracy 
Actual D 
Inches 
Range Finder Setting 
Near Far 
Inches Inches 
Focal Range 
Near Far 
Inches Inches 
36 35.94 36.07 35.88 36.12 
48 47.88 48 .. 12 47.78 48.23 
60 59.82 60.18 59.60 60.32 
72 71.74 72.25 71.44 72.50 
96 95.55 96.47 95.12 97.04 
Feet Feet Feet Feet Feet 
10 9.94 10.06 9 .. 88 10.26 
20 19.77 20.24 19.48 20.52 
30 29.47 30.54 28.97 31.36 
40 39.08 40.98 38.12 42.39 
50 48.55 51.52 47.13 53.83 
60 57.99 62.28 55.82 65.46 
70 67.25 73.08 68o83 76.73 
80 76.39 84.01 72.34 89.51 
90 85.51 95.18 80.01 101.6 
100 94.55 106.5 88,46 115.6 
200 179.0 227.4 159.6 277.8 
400 325.6 550.9 268.0 936.3 
BOO 540.6 1508 394.9 C><::? 
TABLE XI 
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In designing the range finder~ consideration should be given to 
the possibility of combining the range finder with the view 
finder and to making the range finder more compact by making 
use of telescopes. 
If 2 x telescopes were incorporated in the range finder design, 
a 30 second displacement would appear as one minute of arc and 
adequate range finder accuracy could be achieved with a 3 inch 
stereo base. 
Small refracting telescopes are of two forms, the Galilean which 
uses a positive objective and a negative eyepiece to give an 
erect image and the Keplerian which uses two positive lenses 
and gives an inverted image. The latter form is widely used 
in combination with erector lenses or prism erector assemblies. 
This telescope form is capable of giving good resolution over 
wide angular fields, but the weight and space required for the 
erecting system and the complexity of eyepiece required to give 
the necessary eye relief outweigh any advantage over the non-
telescopic system. The Galilean telescope can only be corrected 
for narrow fields of view. The exit pupil lies between the 
eyepiece and the objective, so that for any accessible eye 
position the cones of light reaching the eye from off axis 
points are severely vignetted. The system illustrated provides 
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a 2° field with a tolerance of eye position of only !o.07S inches. 
A unit power rangefinder with four inch eye relief and S 0 field 
of view is shown in Figure 10. This is the basic system discussed 
above and consists only of a fixed mirror and a rotating mirror. 
In order to seal the system, three windows will be required. This 
system has been layed out to give an unvignetted S 0 field coverage 
when the eye is positioned in a 0.2SO inch square. Since this 
system is without power, focussing is not a problem and axial 
positioning of the eye is not critical. 
S.O VIEW FINDER 
Most modern hand held cameras are equipped with telescopic view-
finders of fractional magnification. Press cameras are usually 
equipped with a supplementary "sports finder" consisting of a 
small aperture and wire frame which subtends the same angle at 
the aperture as the film format at the nodal point of the lens. 
The third type of camera viewfinder in common use is the reflex 
finder which may use the picture taking lens as in the Hasselblad 
and Exacta or a separate lens as in the Rollieflex and Rolliecord. 
All three methods were examined for applicability to the Lunar 
Camera. The first two methods were found to be impractical be-
cause of the requirement for at least 3-1/2 inches eye relief 
and the desirability of increasing this distance to 18 to 20 
inches. The single lens reflex was considered to be less desir-
able than the type using a separate lens for three reasons: 
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(l) a separate lens with fixed mirror was considered to be more 
reliable than the swinging mirror and possible automatic iris 
control required in the single lens reflex, (2) a larger view 
finder format than film format was considered desirable due to 
the limited dexterity of the astronaut and difficulty in hold-
ing the camera near the face plate, (3) the separate lens 
design allows more freedom in arrangement of components in 
designing for minimum camera volume. This basic viewfinder was 
shown in Section 6 of the December monthly report. Since that 
time, the design has been refined, as shown in Figure 11, by 
an increase in format scale, a change of lens and the replace-
ment of the ground glass with a Fresnel lens. Replacement of 
the 4 inch lens with a 3 inch lens allows the lens to be mounted 
on the same lens board as the camera lenses, so that viewfinder 
focus will be directly related to camera focus. To increase 
the effective focal length to six inches in order to show the 
camera field of view at double scale, a negative lens at a 
fixed distance from the screen, is mounted directly behind the 
3 inch efl lens. 
With the original layout, using the 4 inch lens, the field 
covered by the camera would occupy a central square of 1.33 x 
1,33 inches and would be defined by dark lines on the ground 
glass. The 0.333 strip around this square would image the 
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object space around the field of view of the camera. In going 
to a six inch effective focal length system, the field of view 
of the camera will fill the entire 2 x 2 inch screen. 
Replacement of the ground glass screen with a Fresnel lens of 
3.25 inch focal length will reimage the exit pupil of the lens 
at a distance of 18 inches from the Fresnel lens with a magni-
fication of about 5%, so that a brightly illuminated screen 
will be visible over an exit pupil approximately 2% inches in 
diametero If during training, this exit pupil is found to be 
too small, it may be increased by substituting a Fresnel lens 
of slightly longer focal length. The action of the fixed and 
moveable lens elements in producing a focussed image on the 
screen deserves a careful explanation~ The screen is conju-
gate to a plane fixed with respect to the negative lens and 
the camera body. This plane has the same relationship to the 
viewfinder objective as the film plane has to the camera lenses. 
Any object in focus at the film plane will be in focus on this 
plane and will be reimaged by the negative lens on the view-
finder screen with a lateral magnification of two. Since the 
longitudinal magnification is equal to the square of the lateral 
magnification, an image that is 0.001 inches out of focus at 
the film plane will be 0.004 inches out of focus at the view-
finder screeno This appears to give a means of increasing the 
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sensitivity of focusf but the magnification by a factor of two 
causes the focal ratio to be increased by a factor of two and 
the depth of focus is inversely proportional to the square of 
the focal ratio, so that the sensitivity of focus is the same 
at the viewfinder screen as at the film plane. A gain in 
scale is achieved. If the focus of an object plane is suf-
ficiently close that 25 lines per millimeter detail is resolved 
at the viewfinder screen, 50 lines per millimeter will be 
resolved at the film plane. The average eye will resolve one 
minute of arc. At a distance of eighteen inches, one second 
subtends .0054 inches or 0.137 mm. Thus, visual focus will 
allow a resolution 7.3 lines/mm at the viewfinder screen or 
14.6 lines/mm at the film plane. Thus, the viewfinder is cap-
able of providing a course indication of focus. If a three 
power magnifier were provided for the center of the field, 
film resolution could be increased to fifty lines per mm. 
This is normal practice on twin lens reflex cameras, but 
requires the photographer to accurately locate his eye with 
respect to the magnifier. If high resolution emulsions are 
to be used, the range finder will be required and the view-
finder should be left as shown. If low resolution films are 
used, the range finder should be eliminated and the viewfinder 
provided with a magnifier. 
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5*0 SHUTTER 
5.1 REQUIREMENTS 
The shutter must allow light to pass through the optical system 
to the film during the data recording period and prevent light 
from reaching the film plane at all other times. The require-
ments of the optimum shutter may be divided into three categories: 
optical, photographic and mechanical. 
The optical requirement is that light from the full aperture of 
the lens be allowed to reach each image point for the highest 
practicable percentage of the exposure period. In a well 
corrected optical system, the resolution is directly proportional 
to the aperture. A shutter that allows light to pass through a 
progressively larger circle centered on the aperture stop will 
decrease the contrast rendition of the higher spatial frequen-
cies as shown qualitatively by the comparison of curve b with 
curve a in Figure 12. A shutter that operates by decreasing a 
central obscuration will slightly extend the ultimate spatial 
resolution, but will reduce the contrast rendition at all lower 
frequencies, as shown by curve c. A shutter that operates by 
passing a slit across the aperture will give good resolution in 
the direction parallel to the slit and poor resolution in the 
direction parallel to slit travel, as shown in curves dll and dl. 
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A focal plane shutter will give the performance shown in curve a~ 
A conventional between the lens shutter will perform as shown by 
curve b. The departure of curve b from curve a will depend on 
the shutter efficiency or ratio of time that the aperture stop 
is completely unobstructed to the time of partial obscuration. 
For most emulsions and normal exposure times~ curve b will be 
indistinguishable from curve a when the shutter efficiency is 
over 65%. 
Photographically, the shutter must be open for the amount of 
time required to admit the amount of light required to produce 
the required density on the film and the exposure time must be 
sufficiently short to prevent image motion on the film due to 
motion of the object or camera. Exposure control range is 
determined by brightness range of scenes to be photographed. 
Required sensitivity of control is determined by the latitude 
of the emulsion. In amateur and professional photography, with 
natural illumination, exposure control is accomplished by a com-
bination of lens aperture size and shutter speed. In technical 
photography where the highest possible resolution is required, 
neutral density filters are frequently used to avoid the loss 
of resolution caused by stopping down the lens. When the scene 
to be photographed contains objects at widely differing distances 
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from the camera, the lens is stopped down to increase the average 
resolution. There are no dominant photographic reasons to choose 
between exposure control by length of exposure or by adjusting 
the amount of flux per unit time passing through the shutter. 
With regard to image motion, it appears to be safe to extrapolate 
from standard commercial practice. For effective exposure times 
less than 1/30 second, the Leica focal plane shutter traverses 
the film format in 1/30 second~ With focal lengths up to five 
inches effective exposure time of 0.01 seconds or less are con-
sidered adequate for hand held cameras. The motion during the 
effective shutter opening will cause blurring of the image. 
Motion during the total exposure period causes distortion of the 
image. Since the mission of this camera is to record lunar sur-
face features, assumed to be static, the motions to be considered 
are those introduced by the astronaut. Assuming a 3 inch focal 
length lens, a resolution of 200 lines per millimeter, and an 
exposure time of .01 seconds, the permissable angular velocity 
of the camera is: 
e = d 
f 
= .005mm = 606 x 10-6 radians = 
3 x 25.4mm 
2 minutes of arc 
W = ~ = 2 = 200 minutes of arc/second of time 
.or 
This appears to be a reasonable stability requirement to place 
on the astronaut. If lower resolution requirements are placed 
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on the camera, slower shutter speed could prove to be useful. 
The mechanical requirements of the shutter derive from the optical 
and photographic requirements~ the environment, the available 
space and the dexterity of the astronaut. The optical require-
ments indicate that the shutter should be located at the focal 
plane or at the aperture stop and that if placed at the aperture 
stop the shutter should open symmetrically from the center and 
have an efficiency of better than 65%n 
The photographic requirements set a minimum shutter speed for 
hand held use and show the desirability of providing a range of 
shorter exposure times~ If artificial illumination is used, the 
shutter must allow exposure of the complete format during the 
period in which the flux is relatively constanto For maximum 
efficiency of artificial illumination the aperture and field 
should be unobstructed during the complete light pulse. 
The environmental requirements are that the shutter operate 
after being exposed to the shock and vibration associated with 
transportation from the factory to the moon~ that the shutter 
materials not change physical properties sufficiently to degrade 
performance when exposed to the thermal and radiation environ-
ment and that the shutter either operate in a hard vacuum or be 
sealed in a benevolent atmosphere. A factor to be considered in 
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choosing between the focal plane shutter and the between the lens 
shutter is that the latter will not be damaged if the camera is 
pointed at the sun while the focal plane shutter will be subjected 
to an in focus image of the sun which would rapidly damage the 
shutterq 
In optimizing the shutter for astronaut use, the best shutter will 
be the one which requires the simplest motions to energize, adjust 
for exposure time, and release. The motions required to energize 
the shutter may be expected to be functionally related to the 
amount of energy required. The nature of this functional relation-
ship will be related to the nature of the mechanism employed~ but 
since the size of the camera is restricted and the amount of force 
that the astronaut can apply is limited, it can be assumed that 
if the energy requirement is modest, it may be supplied by a 
simple motion and that beyond this threshold either more motions 
or more complicated motions will be required. If the energy 
requirement is sufficiently small, energizing the shutter may be 
combined with advancing the film, thus reducing the number of 
operations required. Thus, from the astronaut's viewpoint, the 
optimum shutter will require the least energy~ 
6.2 CHOICE OF BASIC SHUTTER TYPE 
Early in the program a comparison of shutter types indicated 
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that a focal plane shutter should be used for the hand held 
camera, It was believed that a single shutter could be used to 
expose both halves of the stereo pair whereas separate between 
the lens shutters would be required. The inherent high 
efficiency of the focal plane shutter would lead to lower 
velocities and accelerations and the focal plane shutter ele-
ments would be less subject to damage by shock and vibration 
than the blades and gears used in the Compur type shutter. 
As the program developed, the difficulty in providing arti-
ficial lighting for the focal plane shutter which controlled 
the illumination for two cameras became apparent and the poss-
ible change to a separation camera using two lenses to expose 
four formats required a reexamination of the choice of shutter 
type. For efficient use of artificial lighting, it was nece-
ssary that at one time in the shutter cycle all of the focal 
surfaces be exposed simultaneously. This required either 
that the slit width be as wide as the total length of all of 
the focal surfaces, over four inches for the simple camera 
and over five inches for the separation camera, or that the 
shutter curtain be arranged to travel perpendicular to the 
direction of film travel. In the first case the curtain 
velocity would have to 400 to 500 inches per second, and in 
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the second case the curtain would have to be either 4 or 5 inches 
wide and have a velocity of at least 100 inches per second. In 
either case, the amount of energy required to accelerate the 
curtain would be extremely high. By comparison the area to be 
shuttered by a between the lens shutter would be approximately 
0.2 square inches per lens. It was therefore decided to attempt 
the design of a between the lens shutter which could be driven 
by a single actuator and which would avoid the large number of 
small pieces and areas of high stress found in the currently 
available high speed between the lens shutters& 
6.3 DEVELOPMENT OF THE DESIGN 
The investigation started by analysis of the simplest configu-
ration which appeared to be capable of giving the required per-
formance. As shown in Figure 13, the starting configuration 
consisted of two flat blades with two rectangular apertures 
each. By accelerating each blade by the same amount, but in 
the opposite direction, pairs of apertures would meet at the 
center of each lens aperture and open from the center toward 
the edgew A continuation of this motion would bring the oppo-
site edges of the blade apertures together at the center of 
the lens aperture to close the shutter. The distance from 
the center of the lens to the edge of the blade aperture was 
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allowed for acceleration of the blades. The complete shuttering 
action was assumed to take place at constant velocity. An over-
travel equal to the pre-travel was allowed to bring the blades 
to rest. The percent shutter opening as a function of shutter 
displacement was plotted to determine shutter efficiency. The 
accelerations required for .01 and .OOS second exposures were 
calculated for different shutter efficiencies and are tabulated 
as Table XII. 
Shutter Efficiency 
.so 
.70 
.so 
.so 
.70 
.so 
Effective Exposure Time 
.01 
.01 
.01 
.oos 
.oos 
.oos 
Acceleration 
lo6 
4.S 
17 
67 
TABLE XII 
The accelerations required to achieve the required speeds at 70% 
efficiency are reasonable, but for this type of shutter to work, 
accurate guiding and synchronization are requirede The next step 
in the evolution of the design is to move the guiding, driving and 
synchronizing functions to a center where the linear velocities 
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and displacements are small so that energy lost in Coulomb and 
viscous friction will be small. The first step was to bend the 
shutter shown in Figure 14 into a circle whose center was midway 
between the lenses and whose pitch diameter was equal to the 
lens spacing. For disk shutters the inertia is proportional to 
the fourth power of the disk radius while the required velocity 
for a given exposure time and efficiency is proportional to the 
first power. An immediate decrease in driving energy can be 
achieved by providing separate shutter blades for each lens and 
moving the centers of rotation as near to the lens aperture as 
possible. Such a shutter is shown schematically as Figure 15. 
Each shutter consists of two disks each driven by a pinion 
which is in turn driven by a rack. Stress levels for the rack 
and pinion teeth and driving forces were calculated and found 
to be reasonable. However, in examining methods of absorbing 
the kinetic energy of the shutter after the exposure, it was 
found that by a further design evolution the actuator inertia 
could be used to reverse the direction of travel of the blades 
during the shutter open portion of the shutter cycle and, at 
the expense of higher accelerationsr the blades and shutter 
driving mechanism could be made significantly lighter. This 
design is shown in Figure 16~ This design form is considered 
to be close to the optimum design. The detailed mechanical 
engineering consisting of calculation of stress levels and 
driving forces will be accomplished in the second half of this 
programo 
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7.0 AUXILIARY LIGHTING 
7.1 REQUIREMENTS 
Auxiliary lighting may be required either to supplement the 
natural lighting or to reduce the scene brilliance range to 
that of the latitude of the filmo With moderately fast films 
and lenses, natural light will be adequate for all exposures 
on the sunlit side of the moon with the exception of extreme 
close-ups where the astronaut or camera may cast a shadow on 
the area to be photographed. 
On the dark side of the moon, if a large number; such as 300, 
exposures are to be made the weight will be minimized if a 
camera support is provided and earth shine is used as the 
illuminant. Regardless of the number of exposures, a higher 
reliability will result from the use of a camera support and 
long exposure times. If a camera is to be designed for use 
only on the dark side of the moon, the ultraviolet require-
ment should be eliminated and a much faster lens provided. 
Trade-off data for the design of a compromise camera or the 
design of separate cameras for earth shine and sunshine has 
been deferred because discussions with NASA personnel have 
shown that the probability of landing on the dark side of the 
moon in the foreseable future is practically zero. Trade-
off data will be prepared by first optimizing the camera for 
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sunlit condition, then for earth shine conditions~ and finally 
by examining the areas of possible compromise. Unless directed 
by NASA to do otherwise, the bulk of the effort will be spent 
in optimizing for sunlit conditions and considerations for 
earth shine conditions will be superficial. The serious pro-
blem in lunar photography is the extreme scene brilliance range. 
If the surface of the moon is covered by a layer of loosely com-
pacted dust with inter-connected voids, the cavities will act 
as nearly perfect light traps and the micro structure will 
appear as black bodies with the temperature of the surface of 
the moon. The scene brilliance range will be infinite in the 
visible spectral range and no reasonable amount of auxiliary 
light will reduce it. These cavities are expected to be small 
compared to the object space resolution of the camera except 
for extreme close-ups. In the typical scene, containing areas 
directly illuminated by the sun and shadow areas filled in by 
light scattered from the lunar surface, the scene brilliance 
range is expected to be approximately 104 If the film has a 
latitude of 108 , no auxiliary lighting nor exposure control will 
be required. If the film latitude is 104 , exposure control will 
allow photography without auxiliary lighting. If the latitude 
is 102 , a typical value for black and white film, the scene 
brilliance range can be covered by making two exposures with a 
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reduction in lens transmission by a factor of 100 between the 
shadow photograph and the highlight photographc Single prints 
could be made by laboratory contrast compression~ The more con-
ventional solution is to supply sufficient fill-in lighting to 
bring the shadow brightness up to within 1% of the highlight 
brightness. In order to achieve this level of illumination, 
,it is necessary that the artificial light source be such that 
at the shadow the product of its brightness and the angle sub-
tended in steradians is equal to 1% of the product of the 
brightness of the sun and the angle subtended by the sun at 
the highlight. Unless the spectral sensitivity of the film is 
constant a normalizing factor will be required to relate the 
spectral sensitivity of the film to sunlight to that of the 
film to the artificial light~ This reasoning leads to the 
immediate consequence that the amount of artificial light 
required will vary directly as the square of thG distance of 
the source. assumed to be at the camera, from the shadow~ A 
second result is that photography on the dark side of the moon 
would be much easier in this respect in that the required fill-
in light would be scaled to the brightness of earth rather than 
the sunc If the latitude of the film is that of commercial 
color film, approximately 50, twice as much fill-in light will 
be required or with a given light source the range of fill-in 
would be reduced to 70%. 
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For the extreme close-ups, where a camera support will be 
required, only small amounts of light will be required~ The 
choice of type of light source should be based on the weight 
and volume considerationn 
7u2 TYPES OF LIGHT SOURCES 
Rather than set an arbitrary latitude, distance, and number 
of exposures and then calculate light source requirements, 
light sources of different types that could be packaged with-
in approximate size and weight limitations were examined to 
determine the maximum illumination level as a function of 
distance and the number of exposures possible without re-
charging the batteries. With this information, it is possible 
to relate the distance range to the latitude of the film. 
The basic types of light sources to be considered are chemical 
flash, continuous incandescent, pulsed incandescent and gas 
discharge flash. The chemical flash has not been investigated. 
A preliminary examination showed that the power penalty for 
continuous incandescent would rapidly pay for shutter compli-
cations that would allow the use of a pulsed source. The 
pulsed incandescent and gas discharge flash were investigated 
in more detail. 
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7~2.1 PULSED INCANDESCENT SOURCES 
The characteristics of possible incandescent sources were 
derived from typical values of space rated batteries and 
current practice in the manufacture of spotlight reflector 
and lens combinations and low voltage airport lamps. Con-
servative assumptions were made on beaming efficiency and 
only slight overrating of continuous values for lamp fila-
ments was assumed for pulse operation~ Optimizing the 
battery configuration could probably achieve a weight saving 
of 25 to 30%~ Optimizing the lamp could possible increase 
the range by a like amount4 
The lamp was assumed to have four filaments, each having 
dimensions of 3mm x lOmm x #25mm~ The volume of the com-
bined filaments would then be .03 3 em ~ The density of 
tungsten is 19.3 grams per cubic centimeter. The specific 
heat of tungsten is 0,04 calories per gram per degree centi-
grade. An operating temperature of 3200°K will require a 
temperature rise of 2900°C. Thus" the energy required to 
heat the filaments is 700 calories or approximately 300 
joules. 
The area of the combined filaments is 2~6 2 em ~ If it is 
assumed that half of the filaments are at 3200°K, the balance 
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of the heat going into supportsf and that half of the emitted 
light reaches the target the effective area will be 1*3 cm2 and 
2 the effective brightness 1055 candles per em • The illumina-
tion of the target will be equal to the effective brightness 
of the filament times the ratio of the source area to the 
With 230 candles per square foot highlight illumination and a 
film latitude of 100; the required target illumination is 2*3 
candles per square footL Substitution of these values in the 
equation for target illumination and solving for target area 
gives an area of 11~1 x 105 2 em • If the illuminated area is 
assumed to be a circle 7 the radius will be 19~6 feet. Assuming 
a half angle of 14° for the beam, the target distance is 78,5 
feet. 
The radiant power for tungsten at 3200°K is 203 watts per 
square centimeter or 264 watts for the chosen filaments~ If 
a pulse length of 0.2 seconds is assumed~ the radiant energy 
per pulse will be 53 watts seconds. Adding the heating energy 
gives a lamp energy requirement as 353 watt seconds, Assuming 
a 50% efficiency in switching and transmitting power to the 
lamp gives a total energy per pulse requirement of 700 watt 
seconds. 
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A 28 volt battery rated at 35 ampere minutes is available which 
weighs 16.2 oz. and requires a volume of 14.4 in3 o The energy 
storage of this battery is 6.26 x 104 watt seconds. Thusr it 
could provide energy for approximately 90 light pulses before 
requiring recharging4 
The total weight of this system could be kept under two pounds, 
and the volume under 70 cubic inches. 
7.2-2 GAS DISCHARGE FLASH SOURCES 
Gas discharge sources are approximately twelve times more 
efficient in converting electrical energy into light than tung-
sten sources® The short pulse duration provides an additional 
factor of 20 in energy saving. Using the illumination values 
derived in the discussion of the pulsed incandescent sourcesr 
it can be shown that a one watt second flash source will give 
approximately five times as much light at the target as the 
incandescent source, Thus the range will be /5' or 2.24 as 
great or 176 feet The disadvantage of the flash tube is that 
battery voltage must be raised to several thousand volts and 
stored in a bulky~ massive capacitor. For reliable operation, 
a high voltage trigger source must be supplied. Since the 
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number of components is much lower, the required reliability 
of the incandescent source can be achieved at a much lower 
individual component reliability level, 
A one watt second flash source with battery supply for 600 
flashes can be built into a volume 75 cubic inches with a 
weight of 2-1/2 pounds~ Whereas the weight of the incandes-
cent source goes up rapidly with the number of flashes, the 
weight of the flash discharge source is largely in the elec-
tronics and cannot be reduced by reducing the number of 
light pulses, 
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B~O TIME RECORDING 
A method of recording time and duration of each photographic 
exposure is required. Accuracy of timing has not been specified; 
it is assumed that time of exposure should be accurate to one 
minute per day and duration of exposure should be accurate to 
within 10 to 25%. Three methods of generating and recording time 
of exposure have been investigated, Duration of exposure genera-
tion is dependent upon shutter design. The method of recording 
duration of exposure will be consistent with the method of record-
ing exposure time, 
The time of exposure may be generated electronically or electro-
mechanically. If the time is generated electronically, it will 
be recorded electronically; if generated mechanically, it may 
be recorded either electronically or optically. 
8 1 ELECTRONIC METHODS OF GENERATING TIME 
All of the electronic methods of generating time use a crystal 
as the basic timing element. The differences in the three 
methods lie in the means of counting down from the crystal 
frequency to the least significant increment to be recorded, 
and in counting and storing these time increments. In each 
system, the least significant time increment is one second. 
The investigation started with the assumption that a one mega-
cycle crystal would be used because of its small size and low 
driving power requirements. As the investigation progressed 
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and minimum size and power requirements became known, it became 
apparent that the increased size; weight: and power of a crystal 
with a frequency of around 100 KC would be more than saved by 
the reduction in required logic elements. The comparison of 
crystal parameters is shown in Table XIIl 
Size 0.4 cu. in. 0.6 cu. in. 
Weight 
Stability 
2 oz. 
60 ppm @ 55 to 125°C 
3 oz. 
60 ppm 
Input Power 3 volts - 100 milliwatts 3 volts - 100 milliwatts 
CRYSTAL PARAMETERS 
One Megacycle 
TABLE XIII 
One Hundred Kilocycle 
The oscillator would not be an integrated unit due to the size 
of the crystal, but rather a hybrid where the crystal is ex-
ternal to an integrated amplifier~ A block diagram of the 
electronic methods of elapsed time recording is shown in 
Figure 17. The three electronic means of counting described 
below are based on micrologic elements built by CBS Laboratories, 
which to date seem to be the most promising in terms of power 
requirements. 
8.1.1 SYNCHRONOUS DIRECT COUPLED TRANSISTOR LOGIC 
This method employes decade countdown. Sines a 100 KC source 
is desirable as a clock source; five decades would be required 
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to countdown to 1 pps and seven decades would be used for 
counting the elapsed time. The counter capability would be 
107 seconds which is about the length of the mission. A 
typical decade is shown in Figure 18. The entire count 
circuitry would consume 27.6 mW of power or 2.3 mW per decade, 
using available state of the art micrologic blocks. The only 
limitation of this method is that the master clock pulses 
from the oscillator have to be shaped to the proper mark 
to space ratio so that no logic is carried out at any time 
other than at the initiation of a clock pulse. This requires 
additional circuitry at the output of the oscillator to 
achieve the desired input to the count circuitry. All the 
micrologic blocks are .012 oz. and .011 in 3 • The dimensions 
of a decade would be .144 oz. and .132 in3 • Since a total of 
12 decades are required, the size and weight for the counter 
and oscillator would be 3.0 in. 3 and 5.5 oz. 
8.1.2 MASTER-SLAVE BINARY LOGIC 
If the clock source were a binary multiple~ a straight binary 
counting scheme could be used. Using a 128 KC crystal (to 
remain in the 100 KC range) a total of 17 master-slave binary 
stages will count down to 1 pps and 20 stages will count and 
store elapsed time. The master-slave binary configuration is 
shown in Figure 19. Each stage requires two bistable multi-
vibrators and one inverterL The power consumption per binary 
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MASTER-SLAVE BINARY LOGIC 
FIGURE 19 
stage is 420 mW or 15.5 mW for the whole counter~ A total of 
74 multivibrator modules and 13 inverter modules (each con-
taining three inverters) are needed~ When combined with the 
oscillator] the dimensions of the circuit are 4 oz~ and 1.6 in 3 • 
This scheme would not require any additional shaping or compen-
sating networks~ 
8.1,3 BI-QUINARY SHIFT REGISTER 
A shift register composed of the master slave binaries is also 
a possible means of performing the countdown but for the count-
up a straight binary configuration is still needed. Each shift 
register stage would contain five master-slave units, the out-
put of the register fed back on itself. Since each shift 
register only drops the input clock frequency by 1/10, a total 
of five shift register stages would be needed to produce the 
1/pps for countdown purposes. After each register stage~ a 
gate is needed to act as a clock for the next stage. Thus, 
a total of 25 master-slave units and 5 gates are required for 
the countdown alone This portion of the circuit alone con-
sumes nearly as much power and space as the straight binary 
and consequently this approach was set aside~ 
8.2 ELECTRONIC DISPLAY 
The electronic timing method requires a display to expose the 
film and gating circuits to activate the display at the time 
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of exposure. For the display_ an electroluminescent panel 
consisting of bit and bar matrix, made by Sylvania, was 
considered. When all bits and bars are energized~ the total 
power consumption if 5 mW. The dimensions of the panel 
display area is 0.625 in~ by 0.06 in. which would allow 
placing the panel on the focal plane for photographing it. 
It requires 250 V at 400 CPS to activate the phosphor. The 
light output is 10 foot lamberts. This voltage could be 
derived from an inverter as described for the gas discharge 
tube supply for artificial illumination. The gating or 
actuation of the electroluminescent panel could be achieved 
by seriesing each bit with a silicon controlled rectifierJ 
and gating the SCR 1 s (which can be matrixed on a semi-
conductor chip), by the existing signals from the counter 
stages at the initiation of the camera shutter. A simpler 
method would be to use the shutter action to activate a 
switch to supply or remove power from the 250 V source to 
the anodes of the SCR 1 s. Figure 20 demonstrates this 
principle. The estimated power during each exposure is 
approximately 200 mW due to the holding current of the SCR 1 s. 
8.3 ELECTRO-MECHANICAL TIME GENERATION 
The possibility of using an Accutron movement made by the 
Bulova Watch Company was also investigated. An attractive 
feature of the Accutron is that it is self-powered and needs 
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no external source. There are two ways of using the Accutron 
for time recording. The method of timing in both cases 
would be by the Accutron movement, but the display would 
differ. A straightforward calendar watch could be used with 
a lens to project its reduced image onto the film. During 
each camera exposure the face would be illuminated by a 
small light source. The watch is contained in a 1-5/16" 
square, one inch thick and weighs 1.5 ounces. The lights 
optics and watch could then be housed in a self-contained 
unit. The Accutron can be supplied with printed circuit 
commutator modules for days, hours and minutes which pro-
vides a digital output for driving a gating module and electro-
luminescent panel as described above. The dimensions of this 
type of timing unit are 1-5/16 11 square by 2-1/2"; the weight 
is 2.5 ounces. Although this system requires no optics 
for recording the data on the film, a power supply is re-
quired to produce 250 V and the gating mechanism. 
Considering weightJ power and simplicity 7 the Accutron timer 
with optical projection of the dial onto the film appears 
to be superior to both the all electronic methods and to the 
hybrid system of Accutron timer and electroluminescent dis-
play. 
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9.0 TEMPERATURE CONTROL 
The liaison meeting of November 30 established the camera operat-
ing range as 0 - 25°C. A rough calculation was made to determine 
if this temperature could be maintained by passive controls. To 
achieve thermal equilibrium, the total heat absorbed by and dissi-
pated in the camera must be equal to the amount radiated. The 
total heat input is given by: 
qt = qs + qe + qa + qi 
where: qs = heat input from direct solar radiation 
qe = heat input from radiation from the lunar surface 
qa = heat input due to solar radiation reflected by 
the lunar surface 
qi = heat input due to internal power dissipotim;, 
For this calculation~ the camera was assumed to be one foot wide• 
one-half foot deep and one-half foot high. Two of the 1/2 x 1 ft. 
surfaces were assumed to be exposed to direct solar radiation. 
The balance of the surface was assumed to be exposed to the lunar 
surface. One surface will normally be exposed to the space suit 
of the astronaut, but since the space suit surface temperature 
(shaded by the camera) will probably be near the mean surface 
temperature of the moon, the effect of a correction would be to 
reduce the maximum and increase the minimum temperature. 
The top and front of the camera were assumed to be painted 
white, and the other surfaces highly polished silver. The 
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coefficients of absorption and emissivity of these materials 
are: 
as e 
White paint 0 .. 22 0.85 
Polished silver 0.20 0.05 
The heat input 1 due to direct solar radiation, was found to 
be 62.5 BTU/hr. The Stefan-Boltzman law was used to calculate 
that the radiation from the surface of the moon, at 20° from 
2 the sub-solar pointt would be 363 BTU/hr/ft • The heat input 
from this source was then calculated by the following rela-
tionship: 
where: 
qe = R e ~ A. 
e l l 
F. = 18.2 BTU/hr. 
l 
R = Lunar radiation = f(T4 ) 
e 
F. = Configuration factor = 1/2 (1 + Cos Q) 
l 
Q = Angle between area considered and the 
surface of the moon 
A1 = Surface area 
A similar calculation for the solar radiation reflected by 
the lunar surface gave a contribution of 6.4 BTU/hr. 
The internal power dissipation was assumed to be 0.5 watts or 
1.7 BTU/hr. 
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The total heat input is 88.8 BTU/hr. To radiate this heat, 
with the above chosen values of e, would require a tempera-
ture of -6.5°C. A similar calculation for a point 75° from 
the sub-solar point leads to an equilibrium temperature of 
-15.0°C. 
This result indicates that a more durable finish than polished 
silver may be used for the lower surfaces and that some choice 
would be available for the white paint~ 
A change in materials to the following values: 
White paint 
Stainless steel 
as 
0.25 
0.35 
e 
.85 
.15 
was used to calculate the equilibrium temperatures at the sub-
solar point and near the terminator~ These values were found 
to be 27°C and 3°C respectively. Indicating that values can 
be found to allow passive control for the whole range of 
thermal conditions to be found on the sunlit side of the moon* 
If the camera is to be used on the dark side of the moon active 
control will undoubtedly be required. 
A simple calculation of thermal inertia showed that approxi-
mately twenty minutes would be required for the camera to drop 
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from the upper to lower limits of the temperature range when 
the camera is placed in the shade. This indicates that the 
final design will employ a thin metal shell with the proper 
control surfaces and a layer of insulation to prevent rapid 
flow of heat to and from the camera* It is believed that 
insulating techniques which will make a small increase in 
volume and a negligible increase in weight will allow the 
3 flow of heat from the camera to be reduced by a factor of 10 • 
With this reduction in heat flow, passive thermal control for 
any area on the sunlit side of the moon will not require criti-
cal control of surface properties and the required energy in-
put for thermal control on the dark side of the moon will be 
small~ 
10.0 MATERIALS 
10.1 REQUIREMENTS 
Reliable performance of the camera in the space environment 
requires that the materials maintain acceptable characteristics 
for the required mission duration~ Materials have been divided 
into four categories according to their function as follows: 
(1) Structural materialsJ where the ratio of weight 
to strength or stability is a major factor. 
(2) Bearing materials where friction, wear, tolerable 
contact pressure, matching or compatibility with 
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other materials and the lubrication require-
ments are important. 
(3) Elastomer materials which must maintain plia-
bility in the space environment~ 
(4) Surface coatings, which must maintain reflective, 
emissive and abrasion resistance characteristics 
in the space environment. 
10.2 ENVIRONMENTAL CONDITIONS 
The space vacuum provides a condition where cold welding, 
adhesion or bond forming of materials in contact takes place 
much more frequently than on the surface of the earth. These 
effects are not limited to metals only. The problem is acute 
where materials in contact are in relative motion as in bearings 
and guides. For moving contact points, lubricants must be 
employed capable of enduring the harsh environment or "self 
lubricating" materials used to assure satisfactory performance. 
The outer surfaces of the camera shell are used to maintain 
thermal balance. The exposure to solar radiation for the 
camera is randomly variable since the camera must be maintained 
within certain temperature limits both when in shade of the 
operator or moonscape and when in the sunlight without any 
pattern or regularity of cycles of heat radiation exposure. In 
addition to the radiation exposure, the outer shell and the 
86 
])t.ICT/LE' !=i'?ACrl/F(e 
I 
I A-i- TI?ANSt 7"1 ()N 
I 
surfaces are subject to extensive handling~ 
10.3 STRUCTURAL MATERIALS 
An important factor in the evaluation of structural materials is 
the specific rigidity and specific strength. Specific rigidity 
is the ratio of the modules of elasticity to the specific weight: 
E R==-~· ~ 
Similarly, the specific strength is the ratio of the tolerable 
stress level to the specific weight S - ~ -· ~ . When materials are 
subject to high deformation rates (as is the case under vibration) 
and are particularly sensitive to stress concentrations at sharp 
notches, the operating temperature range must also be considered~ 
The impact test (Izod or Charpy v-notch) performed on notched 
specimens indicates the likelihood of ductile or brittle failure. 
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When materials exhibit transition from ductile to brittle behavior, 
low temperature application must be limited to the ductile region. 
Metals exhibiting brittle characteristics at room temperature, by 
having low values of percent elongation as well as low impact 
strength, can be expected to be brittle at low temperatures also. 
Magnesium alloys, some high strength aluminum alloys in the heat 
treated condition, and heat treated copper beryllium alloys all 
exhibit this behavior. Heat treatment and surface condition may 
alter the low temperature performance considerably~ Mechanical 
design can also influence the tendency for brittle failure at low 
temperatures, and for this reason, it is essential that sharp 
notches be eliminated and that corners at changes of section be 
adequately filleted. An additional consideration in selecting 
camera materials is the possibility that the camera may be stored 
for days in high vacuum. The camera case should not be a strong 
source of substances which may be deleterious to other equipment~ 
Particularly, cadmium plating is to be avoided, as cadmium evapor-
ates at low temperatures and pressures and may condense as a thin 
film on neighboring components8 Similarly, all rapidly subliming 
or high vapor pressure metals and alloys must be avoided, e.g., 
magnesium and many of its alloys. 
Titanium, beryllium, aluminum, gold and stainless steel, among 
-9 other metals, have vapor pressures of less than 10 mm Hg. below 
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500°F and are useful for the camera application. 
Table XIV lists recommended materials, together with their 
characteristic data for the structural parts of the camera~ 
Their application in the camera design will be governed by 
evaluation of specific requirements~ 
10.4 BEARING MATERIALS 
Although the literature contains many accounts of experiments 
performed to determine the suitability of various bearing 
materials and the behavior of real bearings with various loads 
and speeds in simulated space environments, sufficient data is 
not available to allow the straight forward design of high 
reliability mechanisms. By an elaborate design, many of the 
known problem areas associated with high vacuum bearings could 
be avoided. Such a design would require more weight, space 
and energy input than a design that used conventional techniques 
and was optimized for those perameters~ The cost, in these 
terms, of sealing the camera for a low differential pressure 
has been examined and found to be no greater than that of 
providing adequate sealing for a high reliability precision 
instrument subject to dust or salt spray~ The decision was 
made to avoid the bearing problem by choosing a sealed camera 
design. This design will avoid the use of materials which would 
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PROPERTIES OF STRUCTURAL MATERIALS 
RECOMMENDED FOR THE USE ON THE LUNAR CAMERA 
Dimension Beryllium Stainless Titanium 
Steel 
304 
Aluminum Gold 
Modulus of 
Elastici tv, E 
Yield Strength 6y 
Endurance Unit ~II.IQ 
106 PSI 
103 PSI 
103 PSI 
44 28 16 
50 75 110 
30 34 95 
10.2 
37 
20 
11.6 
30 
4 .. 6 
Elongation 
Specific Rigidity, R 
Specific Strength, s 
% 
108 in 
105 in 
6 .. 57 
4.5 
60 
0.965 
1.17 
18 
0.993 
5.95 
14 
1.05 
2.06 
c 
0 .. 166 
0.06 
Specific Densi tv 6 lb/cu in 0,.067 .. 29 .161 .. 097 0.698 
Coefficient of 
Linear Thermal 
Expansion /oF 6.4 9.9 5.7 13.2 7.,9 
Thermal Conductivity BTU/hr/ 
sq ft °F/ 
ft 84.4 9.4 4.85 79.2 171 
Speci fie Heat BTU/lb/ 
OF 0.12 0.131 0.22 0.031 
TABLE XIV 
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be damaged by a short exposure to a high vacuum or an oxygen 
rich atmosphere so that film cassettes may be changed either 
in the pressurized LEM or on the surface of the moon, 
10.5 ELASTOMER 
The high molecular weight polymers, without plasticizers, 
maintain a high percentage of their strength, hardness and 
elongation during exposure to high vacuum for 48 hours; (the 
hardness may increase). Low molecular weight species may con-
tribute to weight loss in some plastics, especially if not 
properly polymerized. Better type elastomers for vacuum 
application are polyethylene, polypropylene, tetrafluorethy-
lene, silicone resins, and polyethylene terephtalate. 
(Ethylene related and silicones.) For radiation resistance, 
particularly for long exposure, material properties are sub-
9 stantially preserved up to 10 ergs per gram of carbon for 
polyethylene, polystyrene, polyvinyl chloride and polyvinyl 
formal~ Although tetrafluoroethylene is not considered 
radiation resistant (such as for nuclear reactor core com-
ponents) it would resist radiation adequately for the camera, 
where the radiation exposure is many orders of magnitude 
smaller than in a high performance reactor core. 
10.6 SURFACE TREATMENTS 
Surface treatment of the camera shell must be used to control 
the camera temperature and prevent damage by salt spray. Since 
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the camera may be expected to receive fairly rough treatment in 
use due to the limited dexterity of the astronaut 1 the surfaces 
should be able to withstand a moderate amount of abrasion with-
out serious change of reflectance and emissivity~ 
The literature shows that paints which have excellent properties 
on earth may not be appropriate for space applications. The 
high dosage of ultraviolet radiation may destroy chemical bonds 
in organic materials and the high vacuum may cause the formation 
of bubbles and the evaporation or sublimatior of binders and 
other paint constituents so that even if the optical properties 
are preserved, the surface may become brittle and subject to 
gross damage by slight abrasion~ 
Fortunately, the preliminary thermal investigation indicates 
that the required optical properties may be achieved by finishing 
304 stainless steel to the proper degree of polish. This surface 
will be both highly resistant to abrasion and to corrosion by 
salt spray. A more refined thermal analysis after the shape of 
the external camera case is frozen will allow specification of 
the required degree of polish. Should this analysis indicate 
that stainless steel cannot be used for all of the external sur-
facesw selection will be made from inorganic coatings such as 
metal oxides, porcelain enamels, glasses, and paints with ultra-
violet absorbers and low solvent contents. 
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11.0 MECHANICAL DESIGN 
The major components for both the stereo camera and the stereo 
separation camera were developed during this period. At the 
end of the period, integration of these components into unified 
camera designs was initiated. The stereo camera is shown in 
section in Figure 21, and pictorially in Figure 22. The 
separation camera is shown in Figures 23 and 24. 
For reasons discussed in other sections of this report, the 
mechanical design is based on a completely sealed and partially 
pressurized camera~ Although sliding seals are used in a wide 
range of applications, it is apparent that more positive sealing 
and lower friction will result from the use of seals which flex 
membranes~ A number of such seals have been selected for use 
in the camera controls. Typical seals are shown in Figures 25 
and 26~ Space rated membrane materials are readily available. 
Alignment and simultaneous focussing of both camera and the 
viewfinder will be achieved by mounting all three lenses on one 
lens board~ The separation camera would have the beam splitters 
and folding mirrors mounted on the same structure* To maintain 
alignment and centering 1 and to prevent strain in the optical 
elements over a wide temperature range, it is necessary to 
mount the individual elements in separate sub-cells~ Quartz 
elements will be mounted in invar sub-cells~ Calcium fluoride 
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elements will be mounted in aluminum sub-cells* A schematic of 
the lens board support and focus drive is shown in Figure 27. 
The lens board is supported by four leaf springs. These deflec-
tion members constrain the board to move in a direction normal 
to the film plane. The spring constants will be scaled to com-
pensate for the differential pressure on the lens board~ The 
position of the lens board will be determined by a simple cam 
controlled linkage. This linkage must be precisely made and 
free of backlash to position the lens board within 0~0005 inches. 
The film capacity is a controlling factor in the size and weight 
of the camera. The thickness of the film base and emulsion is 
assumed to be 0.004 inches~ For the separation camera, four 
frames are required for each stereo pair. Thus, for 300 stereo 
pairs the film requirement will be slightly over fifty feet for 
stereo camera and slightly over 100 feet for the separation 
camera~ With 0.75 inch spools the 100 foot roll will be three 
inches in diameter; the fifty foot roll will be 2.25 inches in 
diameter. The weights will be 0.85 and 0~5 pounds, respectively. 
Since the film supply diameter directly influences the camera 
length and amount of shielding 1 a considerable saving in weight 
and volume could be achieved if the number of exposures were 
reduced. The reduction in weight will be approximately two 
pounds per inch of spool diameter. 
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12.0 CONTINUATION OF PROGRAM 
It is recommended at this point, that NASA select one of the two 
basic camera approaches, select realistic emulsion characteristics, 
provide refined mission requirements to the extent practicable and 
change the scope of the Goerz contract to include the detailed 
design and prototype construction of a camera which will allow 
experimental verification of design capabilities. 
If the wide latitude, separation type camera is selected, and 
intensive parallel effort should be applied in the development of 
the film~ The final optimization of both camera and film should 
be based on experimental results obtained by use of the film in 
the prototype cameraa 
If the more conventional camera approach is selected, currently 
available emulsions should be selected which, in combination, can 
meet all mission requirements. A mission plan should be developed 
that would require a minimum number of cassette changes. This may 
be accomplished by grouping the types of exposures requiring 
different emulsions and either coating one film base with different 
emulsions along its length or by splicing different films together 
to make a roll of film suitable for the mission- An exposure con-
trol system must be designed that is compatible with the latitude 
and speed of the selected emulsions~ A focussing method must be 
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selected that is compatible with the resolution capability of the 
emulsion~ The film cassette should be scaled to mission require-
ments~ 
With either approach, refractive materials should be purchased for 
the lenses and the lens design optimized for the actual materials 
to be used. A prototype lens should be constructed and extensively 
tested over its complete spectral range. This lens design repre-
sents such a remarkable improvement over currently available lenses 
that it is sure to find application in NASA programs other than the 
hand-held camera. A prototype shutter should be designed, fabri-
cated and tested for reliable operation over the temperature range 
after being subjected to the shock and vibration levels specified 
for the Apollo program~ A complete prototype camera should be 
evaluated by use by a space suited astronaut to insure that control 
forms and locations are the best possible~ The prototype camera, 
with insulation and thermal control coatings 1 should be tested in 
a thermal vacuum to demonstrate temperature control and suitability 
of materials. 
Timely initiation of the prototype program will allow the detailed 
optimization required for the camera which will perform with high-
est reliability and greatest data collection efficiency. 
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